ABSTRACT "Low sodium" muscles were prepared which contained around 5 mmoles/kg fiber of intraceUular sodium. "High sodium" muscles containing between 15 and 30 mmoles/kg fiber of intracellular sodium were also prepared. In low sodium muscles application of 10 -5 M strophanthidin reduced potassium influx by about 5 %. Potassium efltux was unaffected by strophanthidin under these conditions. In high sodium muscles, 10 -5 M strophanthidin reduced potassium influx by 45 % and increased potassium effiux by 70 %, on the average. In low sodium muscles sodium efttux was reduced by 25 % during application of 10 -5 ~ strophanthidin while in high sodium muscles similarly treated, sodium efflux was reduced by about 60 %. Low sodium muscles showed a large reduction in sodium efltux when sodium ions in the Ringer solution were replaced by lithium ions. The average reduction in sodium eftlux was 4.5-fold. Of the amount of sodium efftux remaining in lithium Ringer's solution, 40 % could be inhibited by application of 10 -5 M strophanthidin. The total sodium efltux from low sodium muscles exposed to Ringer's solution in which lithium had been substituted for sodium ions for a period of 1 hr can be fractionated as 78 % Na-for-Na interchange, 10 % strophanthidin-sensitive sodium pump, and 12 % residual sodium efftux. It is concluded that large strophanthidin-sensitive components of sodium and potassium flux can be expected only at elevated sodium concentrations within the muscle cells.
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I N T R O D U C T I O N
The ability of skeletal muscle cells to recover potassium ions in exchange for extruded sodium ions is abolished by application of various cardiac glycosides such as strophanthidin or ouabain (Matchett and Johnson, 1954; Johnson, 1956 ). This effect of cardiac glycosides on sodium and potassium transport in skeletal muscle cells becomes apparent as a slowing acdon on tracer sodium ei~ux (Edwards and Harris, 1957; Horowicz and Gerber, 1965; Sjodin and 389 The Journal of General Physiology Beaugd, 1967) and a similar action on tracer potassium influx (Harris, 1957) . Though the effects of cardiac glycosides on tracer sodium and potassium fluxes in muscle cells are of the general type required to explain the net changes in ion contents observed, the quantitative variability and discrepancies among the results reported are considerable. For example, the data of Harris (1957) , indicate that potassium uptake in frog muscle is reduced 47%, on the average, by the application of cardiac glycosides. The same author reports that the glycosides increase potassium efflux by about 30a~. The combined effect on the potassium flux ratio (efflux/influx) inferred from these figures is thus an increase of 2.5-fold. In other investigations, however, application of 5 #g/ml of strophanthidin did not alter the potassium flux ratio by more than 15°-/o (Sjodin, 1965) nor did ouabain significantly affect potassium influx (Keynes, 1965) . Clearly, the discrepancies are large enough to warrant further investigation.
With regard to the action of inhibitors on sodium efflux from muscle cells, there are also quantitative discrepancies in the literature. Keynes and Maisel (1954) found ~4Na efflux from frog muscle cells to be rather insensitive to the presence of metabolic inhibitors. Horowicz and Gerber (1965) on the other hand observed that about 80% of the resting sodium efflux from frog muscle could be inhibited by application of 10 -s ~ strophanthidin. In muscles extruding sodium in exchange for extraceUular potassium, Edwards and Harris (1957) and Sjodin and Beaugd (1967) observed that cardiac glycosides reduced the efflux of sodium ions by about 50°-~.
A fraction of the total sodium effiux not requiring metabolic energy and due to a sodium-for-sodium exchange has been termed "exchange diffusion" (Ussing, 1949; Keynes and Swan, 1959) . Variability in the literature as to the extent of operation of this process in muscle cells is also apparent. Keynes and Swan (1959) observed that about half the sodium efflux from freshly dissected muscle cells was due to exchange diffusion. Horowicz and Gerber (1965) on the other hand attributed very little sodium efflux to this process.
In this paper, it is concluded that the variability observed in the effects of cardiac glycosides on potassium and sodium fluxes in muscle depends on the internal sodium concentration. In a following paper, a satisfactory basis is established by which a variable sodium-free effect can be explained.
M E T H O D S
Due to normal biological variability, a rather large number of experiments were required to establish the correlations presented in this paper. It was not considered worthwhile, from a practical point of view, to perform all the experiments reported at a variety of internal sodium concentrations. The procedure adopted was to prepare muscles with a uniformly low sodium content of about half that of a freshly dissected muscle and to prepare other muscles with a rather uniformly high sodium content of from two to three times that of a fresh muscle. Studies on both classes of muscle provide a range over which most of the variation referred to in the introduction can be accounted for. As most of the work previously reported has been done using freshly dissected muscles, results obtained in the intermediate range of internal sodium concentration are available.
To prepare muscles with an elevated sodium content, freshly dissected sartorii were stored in a potassium-free Ringer solution at 3°C for 40 hr. Such muscles acquired a sodium concentration of about 25 inM/kg, on the average, which is of the order of two to three times the normal sodium content of a freshly dissected sartorius. These muscles are designated high sodium muscles in the text. Muscles with about half the normal sodium content were prepared by storing freshly dissected sartorii in 5 rnM potassium Ringer's solution at 20°C for a 3 hr period. In cases in which paired muscles were used to prepare one muscle with an elevated sodium content and a mate with a low sodium content, the mate was also kept at 3°C for 40 hr, but in a Ringer solution with 2.5 mM potassium. At the end of this period, the latter muscle was stored in 5 mM potassium Ringer's solution for 3 hr at 20°C. The average sodium content of muscles treated in this way did not differ significantly from that of freshly dissected muscles stored immediately in 5 mM potassium Ringer's solution for 3 hr. T h e mechanism for the attainment of a lowered sodium concentration within these muscles is the stimulating action of 5 mM K on the sodium pump. The average intracellular sodium concentration obtained in these muscles was 4.9 mM/kg which is very close to one-half the average sodium concentration of freshly dissected muscles. These muscles are designated low sodium muscles in the text.
Analyses for intraceUular sodium and potassium contents were performed by the method previously described using the flame photometer previously described (Sjodin and Henderson, 1964) . Optical filters of wavelength 768 m/~ for potassium and 589 m# for sodium were employed. There was no detectable interference at the levels employed. Muscles were rinsed in a potassium-and sodium-free Tris-substituted Ringer solution for 10 rain prior to ashing for cation analyses. Extracellular cations were removed in this way. The amounts of intracellular potassium and sodium lost during the removal of extracellular cations were negligible.
Influx and effiux were measured as previously described (Sjodin and Henderson, 1964) using the radioactive labels a K and 2~Na. In some of the sodium efflux experiments ~4Na was also used. The radioactive isotopes employed were procured as the chloride salts. Radioactivity was assayed using a ~-ray spectrometer with a well-type detector. Rate constants for loss of radioactivity were obtained by plotting the back-added counts/min remaining in the muscle semilogarithmicaUy against time.
Strophanthidin was stored under refrigeration in an alcoholic solution. Ringer's solutions containing 10 -5 M strophanthidin were prepared freshly for each experiment. The concentrations of ethanol in the Ringer solutions were in these cases, 0.05 % (v/v). It was determined in controlled experiments that this concentration of ethanol had no detectable effects on the fluxes measured. In some preliminary experiments, it was determined that the effects of 10 -5 M ouabain on the potassium and sodium fluxes were identical to those obtained with 10 -s M strophanthidin.
A standard Ringer solution of the following composition was employed: NaC1,
Pairs of sartorii from the same animal were employed. Muscle pairs were prctreated as described in text to obtain either low or high sodium muscles. One muscle then served as a control while its mate was exposed to 10 -s M strophanthidin during uptake. FIGURE I. The influence of the intracellular sodium concentration on potassium influx is illustrated. From the pair of sartorii aa r, muscle a t was enriehecl with sodium and muscle a was subjected to the experimental treatment employed to reduce the internal sodium concentration. Potassium influx was measured on each muscle employing 4~2 as a tracer. The external potassium concentration was 5 raM. The upper curve was obtained on the muscle with an elevated sodium content. The experiment illustrated is typical of those of this type reported in Table I .
R E S U L T S

The Influence of the Internal Sodium Concentration on the Sensitivity of Potassium Influx to Strophanthidin T h e results o b t a i n e d in experiments performed to
measure the effects of 10 -s M strophanthidin on potassium influx into low a n d high sodium muscles are s u m m a r i z e d in T a b l e I. T h e average value of the ratio (influx with s t r o p h a n t h i d i n / c o n t r o l influx) is 0.95 for low s o d i u m muscles a n d 0.53 for high s o d i u m muscles. O n the average, 50-/o of potassium influx into low s o d i u m muscles can be inhibited b y 10 -s M strophanthidin. I n muscles with a high intracellular s o d i u m concentration, on the other h a n d , 4 7 % of
potassium influx is abolished by application of strophanthidin. T h e strophanthidin sensitivity of potassium influx is thus roughly 10 times greater in muscles with a high sodium content t h a n in muscles with a low sodium content. A n o t h e r fact becomes a p p a r e n t from the d a t a in T a b l e I. W i t h no inhibitor present, potassium influx is considerably higher in muscles with a high sodium content than in muscles with a low sodium content. 
Time in minutes
Fzoum~ 2 A. The pair of sartorii aa' was subjected to the experimental treatment employed to reduce the intracellular sodium content. Potassium influx was measured on both muscles, one in the absence (a), the other in the presence (a') of 10 -5 ~t strophan-.thidin. B. The muscle pair bb' was subjected to the sodium enrichment procedure. Potassium influx was then measured on both muscles, one in the absence (b), the other in the presence (b') of 10 -5 M strophanthidin. In all cases the external potassium concentration was 5 m_M. The experiments illustrated are typical of those reported in Table I. are considered in which the external potassium concentrations were the same (5.0 I i~) , the average rate of potassium uptake by low sodium muscles is 12.7 # m o l e s / g hr while that for high sodium muscles is 20.8 ~moles/g hr. T o obtain further evidence for an internal s o d i u m -d e p e n d e n t fraction of potassium influx, one of a pair of muscles from the same animal was m a d e sodium-rich while its m a t e was subjected to the t r e a t m e n t used to p r e p a r e low sodium muscles. Potassium u p t a k e in the absence of strophanthidin was then determined for each muscle. T h e results of a typical experiment of this type are illustrated by Fig. 1 . Potassium influx is a b o u t 50~o greater in high sodium muscles t h a n in low sodium muscles which is consistent with the u n p a i r e d muscle comparisons m a d e from T a b l e I. T h e strophanthidin sensitivity of
E N T R A T I O N ON S T R O P H A N T H I D I N S E N S I T I V I T Y OF P O T A S S I U M E F F L U X
I n each experiment a pair of sartorii from the same animal was used to make the indicated test 
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potassium influx in muscles with a high sodium content is compared with that obtained in muscles with a low sodium content in Fig. 2 A and B. The experimental Observations on potassium influx can be summariz~l as follows. When the internal sodium concentration is low, potassium influx is
insensitive to strophanthidin. As the internal sodium concentration is raised an increment of additional potassium influx becomes apparent. This increment in potassium influx is abolished by application of 10 .5 M strophanthidin. The evidence in support of the latter statement is that strophanthidin reduces potassium influx in high sodium muscles to about the value of influx obtained in low sodium muscles.
The Influence of the Internal Sodium Concentration on the Strophanthidin Sensitivity of Potassium E~tux
A study similar to the onej ust described for potassium influx was carried out on the sensitivity of potassium efflux to strophanthidin. The FIGURE 3 A and B. Potassium efflux from muscles with a low internal sodium concentration in the absence and presence of 10 -5 M strophanthidin is illustrated. The external potassium concentration was 5 mM. Open circles refer to efflux measured in the presence of strophanthidin. C and D. Potassium efflux from muscles with an elevated sodium content is illustrated. The other conditions were identical to those of parts A and B. Open circles refer to eittux measured in the presence of 10 -5 M strophanthidin. These experiments are typical of those reported in Table II. results appear in Table II . As potassium influx in the absence of inhibitor showed a strong dependence on the intracellular sodium concentration, it was necessary to first determine what effect, if any, a variation in internal sodium concentration has on the rate constant for ~K loss from muscles. The first two experiments in Table II show that the rate constant for potassium loss is essentially independent of the intracellular sodium concentration in the range studied. The sensitivity of potassium effiux to the presence of strophanthidin, however, was found to be very much influenced by the internal sodium concentration. In muscles with a low sodium concentration potassium efflux was unaffected by 10 -5 M strophanthidin. This is borne out by the data in Table II and by curves A and B in Fig. 3 which illustrates typical semilogarithmic plots from which the rate constants presented in Table II were obtained. In muscles with a high sodium concentration, however, the rate constant for 42K loss was markedly elevated when strophanthidin was present as shown by Table II and curves C and D of Fig. 3 . On the average, 10 -5 M strophanthidin increased potassium efflux by around 70o/0 in high sodium muscles.
It may be noted that the conditions under which potassium efflux is increased by strophanthidin are those favoring a high degree of sodium extrusion in the absence of strophanthidin. In addition to a requirement for a certain internal sodium concentration, it is well-known that sodium extrusion also depends upon an adequate potassium concentration in the external medium. Removal of potassium ions from the external solution markedly reduces the rate at which sodium ions are pumped out of high sodium muscles. The strophanthidin sensitivity of potassium efflux was tested under conditions in which a high intracellular sodium concentration was maintained and potassium ions were removed from the medium. In such cases the strophanthidin sensitivity was greatly reduced. For three pairs of muscles studied, potassium efflux was increased by an average of 24%. As the absolute magnitude of the rate constant for 42K loss to a Ringer solution with no potassium ions present is much lower than the rate constant for ~K loss to a solution containing 5 rnM potassium, the increment in actual extra potassium eft]tax generated by strophanthidin when no external potassium ions are present is very much less than that generated when 5 n~ K is present. The extra potassium efflux generated by ~pplication of 10 -5 M strophanthidin when no external potassium ions are present was only 15°-/o of that generated when external potassium is present at a concentration of 5 mM. It is clear that a large effect of strophanthidin on ootassium efflux requires a high internal sodium concentration and the presence of external potassium, both factors favoring a high degree of sodium extrusion in the absence of strophanthidin. A consideration of mechanisms which might explain these observations will be deferred until the discussion of results.
The findings of the previous two sections can be conveniently summarized by stating the average values observed for potassium influx and efflux in units of pmoles/cm ~ see' and considering the flux ratio in the presence and absence of 10 -5 u strophanthidin when the external potassium concentration is 5 raM. When the intracellular sodium concentration is low, potassium influx and efflux are both equal to about 8.3 pmoles/cm 2 see. The flux ratio (K efflux/K influx) is close to 1 and is not significantly altered by application of 10 -5 M strophanthidin. In high sodium muscles, extra potassium influx is generated so that the total magnitude becomes about 13.5 pmoles/cm 2 see and the flux ratio becomes about 0.5, taking into account the lowered potassium concentration
inside the cells. The flux ratio is now strongly influenced by strophanthidin, attaining a value around 1.3 in its presence.
The Influence of the Internal Sodium Concentration on the Sensitivity of Sodium Ejflux to Strophanthidin
The amount by which sodium effiux could be reduced by application of 10 .5 M strophanthidin was also found to depend upon the value of the intracellular sodium concentration. Though strophanthidin brought about a significant reduction in sodium efflux in both muscles with a high and with a low sodium concentration, the reduction in efflux occurring in muscles with a high sodium concentration was always greater both on an
T A B L E I n T H E E F F E C T O F 10 -5 M S T R O P H A N T H I D I N O N S O D I U M E F F L U X F R O M M U S C L E S W I T H R E D U C E D A N D W I T H E L E V A T E D S O D I U M C O N T E N T S T h e R i n g e r s o l u t i o n c o n t a i n e d 5 rnM K i n a l l e x p e r i m e n t s r e p o r t e d .
Rate constants for loss of nNa M e a n 1 . 8 7 1 . 4 0 0 . 4 7 1.41 0 . 6 1 0 . 8 0 absolute flux and a percentage of total effiux basis. The measured rate constants for radioactive sodium loss in the presence and absence of strophanthidin in Ringer's solution with 5 m~ potassium a r e presented in Table III . The average percentage effiux reductions caused by strophanthidin were 25% for muscles with a low internal sodium concentration and 57% for muscles with a high sodium concentration. A typical experiment of this type is plotted semilogarithmically in Fig. 4 . A consideration of the possible relations between these results and those reported earlier for potassium ions will be deferred to the Discussion. Edwards and Harris (1957) reported that the effect of strophanthidin on sodium efflux from skeletal muscle is essentially equivalent to the effect of removing potassium ions from the external medium. If this is the case a parallel should exist between the strophanthidin sensitivity and potassium sensitivity of sodium efflux. To check this point, the strophanthidin sensitivity of sodium eftiux from high sodium muscles was measured with a lower external potassium concentration (2.5 rnM). The reduction in sodium effiux brought about by strophanthidin fell from 570-/0 reduction when [K]o = 5 mm to 34% reduction when EK]o = 2.5 ram. The dependence of sodium efflux on the external potassium concentration in the absence of strophanthidin is shown by Fig. 5 . The increment in the rate constant for radioactive Flouv.E 4. The loss of labeled sodium ions from muscles with lowered and with elevated sodium contents is plotted against time semilogarithmically. At the time indicated by the arrow, 10 -5 ~ strophanthidin was added to all external solutions into which subsequent efflux took place.
The Dependence of Strophanthidin-Sensitive Sodium Efflux on the External Potassium Concentration
sodium loss over and above that measured in a K-free solution is plotted against the external potassium concentration. The additional sodium efflux generated by external potassium is observed to rise with [K]o along an Sshaped curve. It is clear that the sensitivity of sodium efflux to strophanthidin rises in a parallel fashion along with the sensitivity of sodium efflux to external potassium.
The Strophanthidin Sensitivity of Sodium Efltux Studied in Sodium-Free LithiumSubstituted Ringer's Solution
It is generally agreed that by far the greater part of the sodium efflux from frog's sartorius muscle can be accounted for by two processes: one a strophanthidin-sensitive sodium pump, the other a sodiumfor-sodium exchange process termed exchange diffusion. The implication that necessarily follows is that when one of these processes is present to only a minor extent, the other process must be present to a great extent. I n view of the rather low degree of strophanthidin sensitivity observed for the sodium efflux from muscles with a low internal sodium concentration, one would expect a high degree of N a -f o r -N a m o v e m e n t to be present in these cases if the premise stated at the beginning of this section is valid. T o see whether this expectation would be b o r n e out, experiments were performed in which low sodium muscles loaded with tracer sodium were passed from a n o r m a l sodium-containing Table IV. Ringer solution to a solution in which all the sodium ions were replaced with lithium ions. Rate constants for loss of radioactive sodium were measured in both solutions. In some of the cases, 10 -5 M strophanthidin was added to lithium Ringer's solution at the final part of the experiment to obtain a third rate constant. A typical experiment is plotted in Fig. 6 . In control cases when no strophanthidin was added, tracer sodium continued to be lost with a single rate constant in the lithium-substituted Ringer solution indicating that the effect of strophanthidin on the rate constant is not an artifact due to the rate constant slowly changing with time. The results are summarized in Table IV . First, it is clear that the expectation of a large Na-for-Na component of sodium
R S O D I U M C O N C E N T R A T I O N I N T O L I T H I U M -S U B S T I T U T E D R I N G E R ' S S O L U T I O N
T h e external potassium concentration was 2.5 m~ in all experiments reported in effiux from low sodium muscles has been borne out. O n the average, the reduction in sodium effiux on passing from Na Ringer's solution to Li Ringer's solution was 4.5-fold. Second, about half of the sodium efflux remaining in the lithium medium was abolished by application of 10 -5 M strophanthidin. A small but significant fraction of sodium effiux was neither strophanthidinsensitive nor due to Na-for-Na exchange. It is convenient to refer to this component of effiux as "residual" sodium effiux. The fractionation of total sodium effiux in the low sodium muscles exposed to lithium Ringer's solution is thus as follows: 78% Na-for-Na interchange, 10% strophanthidin-sensitive sodium pump, and 12°~ residual sodium effiux. There is no way to maintain a constant internal sodium concentration in cases in which muscles are transferred to a nonsodium medium. T h e fractionation of sodium effiux made above applies to muscles having an internal sodium
concentration somewhat lower than those designated low sodium muscles since some sodium loss obviously has occurred in the lithium medium. It can be noted, however, that the strophanthidin-sensitive component of sodium efflux has fallen below the average value recorded for low sodium muscles in these experiments. The principle followed, evidently, is that the lower the internal sodium concentration, the lower will be the strophanthidin-sensitive fraction of sodium efflux and the greater will be the sodium-for-sodium exchange component. These points will be discussed further.
DISCUSSION
The results presented indicate that the effects of strophanthidin on potassium and sodium movements vary over a wide range depending upon the magnitude of the sodium concentration within the muscle cells. Evidently it is possible to account for much of the variability in the literature discussed in the Introduction on the basis of variations in intracellular sodium concentrations.
One might ask where freshly dissected muscles might be expected to stand on the scale of effects reported in this investigation. Freshly dissected sartorius muscle has an average intracellular sodium content around I0 mmoles/kg (Keynes and Swan, 1959) which is very close to twice the average value attained in the low sodium muscles in these experiments. In a previous investigation in which freshly dissected sartorius muscles were used (Sjodin, 1965), application of 5 #g/ml of strophanthidin did not alter the ratio K effiux/K influx by more than 15~v. It is clear that the potassium fluxes of freshly dissected muscles have a strophanthidin sensitivity that is rather close to that observed in low sodium muscles. The maximum effect of strophanthidin on the potassium flux ratio in high sodium muscles was about a 2.5-fold alteration. By noting the effects of strophanthidin on K and Na fluxes in high sodium muscles with the lowest sodium contents within this category, it can be surmised that muscles with a sodium content around 1.5 times that of freshly dissected muscles behave much more like muscles with a high sodium content than like muscles with a low sodium content. Thus the general curve reladng strophanthidin sensitivity of K and Na fluxes to internal sodium concentration appears to be S-shaped. In the range from one-half the normal sodium content to the normal sodium content, the curve is rather flat with little change in sensitivity. At sodium contents just above the normal value, the curve becomes rather steep in the range between normal and 1.5 times the normal sodium content. The curve remains rather steep in the range 1.5 times normal sodium content to two times normal content. Above an internal sodium content of two times the normal value, the sensitivity relation again becomes flat with not much difference between the behavior of muscles with twice the normal sodium content and the behavior of muscles with three times the normal sodium content. It is perhaps worth emphasizing that freshly dissected muscles which subsequently gain sodium during an experiment are just in the range where the strophanthidin sensitivity of K and Na fluxes changes most steeply with increasing internal sodium concentration. It is easy to visualize how different investigators could obtain a variety of divergent results when employing strophanthidin or ouabain.
Some specific points require discussion. In muscles with about half the normal sodium content, the average reduction in potassium influx brought about by 10 -5 M strophanthidin amounted to 5%. When the external potassium concentration is 5 rn~, the average influx reduction in absolute units was 0.7 pmole/cm * sec, using conversion factors given previously (Sjodin, 1965) . It is of interest to compare this finding with the average reduction in sodium effiux obtained under the same conditions. When rate constants are applied to the internal sodium contents corrected for the amount of sodium residing in connective tissue (Harris and Steinbach, 1956; Keynes and Swan, 1959) , the average absolute magnitude of the reduction in sodium effiux occurring in the presence of strophanthidin is 0.9 pmole/cm ~ sec. The potassium and sodium flux reductions are evidently of the same order of magnitude. The nature of the coupling between these components of ionic flux is not elucidated by the experiments performed. The strophanthidin-sensitive inward potassium movement could be coupled to strophanthidin-sensitive outward sodium movement via chemical reactions with a carder complex or by way of electrical forces generated by the sodium pump (Mullins and Awad, 1965) .
The remainder of the experimental observations imply that a large strophanthidin-sensitive fraction of potassium influx will become apparent only when the strophanthidin-sensitive portion of sodium effiux becomes a significant fraction of the normal potassium influx of around 8 pmoles/cm ~ sec. This can only occur at elevated sodium concentrations. The average absolute magnitude of the strophanthidin-sensitive portion of potassium influx in high sodium muscles with [K]o = 5 rnM was around 5 pmoles/cm 2 sec. The data show that the internal sodium concentration must become elevated to at least 15-20 mmoles/kg for the strophanthidin-sensitive component of potassium influx to attain this high a value. The actual coupling between sodium efflux and :potassium influx in muscles with an elevated sodium concentration is complicated by the fact that the magnitude of the strophanthidin-sensitive component of sodium efftux, as deduced from tracer sodium movements, becomes considerably higher than 5 pmoles/cm ~ sec, indicating that whatever the responsible membrane mechanism, the coupling cannot remain essentially 1-to-1 in these cases.
The finding that 10 -~ M strophanthidin brings about a rather large increase in potassium efflux when the internal sodium concentration becomes high is interesting. Some possible explanations will be examined briefly. The effect could be due to an increase in the membrane permeability to potassium ions, a
depolarization of the membrane to a potential below EK, or to some peculiarity of the ion pumping mechanism itself under these conditions. An effect of strophanthidin on the potassium permeability of the membrane seems unlikely as strophanthidin always reduced potassium influx to a value very close to that obtained in muscles with a low sodium concentration. If a permeability increase to potassium has occurred in the medium containing strophanthidin, the potassium influx remaining should be elevated well above that observed in low sodium muscles. The membrane potential during recovery of muscles from the sodium-rich state is sensitive to strophanthidin (Adrian and Slayman, 1966) . We have observed, however, that strophanthidin reduces the membrane potential to values very near EK • To obtain the measured flux ratio of 1.3 in high sodium muscles in the presence of strophanthidin, the membrane potential would have to be about 6 mv below EK on the basis of independent potassium fluxes. Though extensive membrane potential measurements have not been made under these conditions, those that have been made were not this far below EK • It is possible, however, that the theoretical relation for the flux ratio contains a term raised to the (n -[-1) power under these conditions (Hodgkin and Keynes, 1955 a ; Sjodin, 1965) . In this event, a much smaller departure of the membrane potential from E~ would account for the observed flux ratio. Thus one cannot rule out this explanation for the effect of strophanthidin on potassium efflux in muscles with an elevated sodium concentration. It was observed that the action of strophanthidin on potassium efflux was very much reduced if K ions were omitted from the Ringer solution. Under these conditions the membrane potential is considerably higher and, again, the electrical mechanism for the strophanthidin action on potassium efflux receives support. Finally, it is possible that the sodium pumping mechanism itself undergoes a change in specificity in the presence of strophanthidin such that the pump operates in reverse, the energy in the sodium concentration gradient now being utilized to pump potassium ions in the outward direction. In this case, the observed flux ratio could be accounted for even with the membrane potential at or somewhat above EK • Supporting the latter explanation is the finding that only conditions favoring a high rate of sodium pumping in the absence of strophanthidin yielded the increase in potassium efflux in the presence of strophanthidin. A difficulty with this explanation, however, is the fact that pump reversal would be most likely to occur when the internal sodium concentration is low. Under these conditions strophanthidin did not increase potassium efflux. The sodium-free effect observed in muscles with a reduced sodium content requires discussion. The average reduction in sodium efflux observed when low sodium muscles were passed from Ringer's solution to a sodium-free lithium substituted Ringer solution was 4.5-fold. This is a considerably greater reduction than that obtained by Keynes and Swan (1959) and by Keynes (1966) when freshly dissected muscles with a normal sodium content were employed. A halving of sodium efflux was observed under these conditions and about half of the sodium efflux was attributed to a process termed exchange diffusion. It seems likely that a similar mechanism is involved in the sodium-free effect presently observed. The Na-for-Na interchange process evidently contributes more to the total sodium efflux on a fractional basis as the internal sodium concentration is reduced. This trend was also noticed by Keynes and Swan (1959) who observed that the reduction in sodium efflux occurring in lithium Ringer's solution became greater the longer muscles remained in the lithium solution. The observed reduction in sodium effiux became as high as 3-fold under these conditions.
One must exercise some caution, however, in attributing such reductions in sodium efflux to a single process called exchange diffusion. Difficulties arise for many reasons. Mullins and Frumento (1963) emphasized that the sodium-free effect on sodium efflux usually termed exchange diffusion can be positive, negative, or zero in a given experimental situation. The negative effect occurs when an increase in sodium efflux takes place upon substituting lithium ions for sodium ions in the external medium. The absence of exchange diffusion in muscle cells was observed by Keynes and Swan (1959) . A negative effect has been observed in giant axons from the squid (Hodgkin and Keynes, 1955 b; Mullins, Adelman, and Sjodin, 1962; Sjodin and Beaug~, 1967) and in skeletal muscle cells (Keynes, 1965 (Keynes, , 1966 Beaug6 and Sjodin, 1968) . Furthermore, a Na-for-Na interchange in red blood cells that is sensitive to cardiac glycosides has been observed (Garrahan and Glynn, 1967) . On one basis this interchange could be termed exchange diffusion yet the original usage (Ussing, 1949) applied to a process not requiring metabolic energy. In view of these uncertainties it seems wise to avoid the use of descriptive terms at present and to emphasize the experimental conditions under which the particular sodiumfree effect was observed.
It is unlikely that more than a very small fraction of the sodium-free effect presently observed is of the cardiac glycoside-sensitive type observed in red blood cells. Horowicz (1965) and Keynes (1966) have emphasized that the effects of strophanthidin (or ouabain) and sodium-free solutions in reducing the efflux of labeled sodium from frog muscle are independent and additive. The same appears to be true for the low sodium muscles studied in this investigation. The evidence is that lithium substitution alone produced a severalfold greater reduction in efflux than did application of 10 -5 M strophanthidin. Further evidence is that omitting potassium from the medium had about the same effect on sodium efflux from low sodium muscles as application of 1 0 -s M strophanthidin. However, the experimental results do not rule out the possibility that a small, difficult to detect fraction of the Na-for-Na interchange is of the red cell type. It should be noted that the present Na-free effects were meas-
ured in the presence of external potassium which has the effect of reducing the cardiac glycoside-sensitive Na-for-Na interchange seen in red blood ceils.
In muscles with a reduced sodium content, we have been able to account for about 9 0 % of the sodium effiux by considering Na-for-Na interchange and strophanthindin-sensitive sodium pump components. The residual component of sodium efttux is of interest and requires further study. Its magnitude in absolute flux units is about 0.35 pmoles/cm 2 see. T h e purely passive leak of sodium out of the cells is estimated to be around 0.01 p m o l e / c m 2 see. Almost all the residual efftux must, therefore, be due to a pump or carrier-mediated component. If the Na-for-Na interchange process can be looked upon as a reaction in which an external sodium ion displaces an internal sodium ion from some site in the membrane and the affinity of the sites for lithium ions is 0.1 the affinity for sodium ions, then most of the residual sodium efflux could be due to a lithium-for-sodium displacement. To approach the problem experimentally, other ions will be used as sodium substitutes and a wider variety of inhibitors of metabolism and transport will be employed. Received for publication 28 February 1968. 
